Agonist-induced internalization of G-protein-coupled receptors is an important mechanism for regulating receptor abundance and availability at the plasma membrane. In this study we have used immunolabeling techniques and confocal microscopy to investigate agonist-induced internalization and trafficking of CB 1 receptors in rat cultured hippocampal neurons. The levels of cell surface CB 1 receptor immunoreactivity associated with presynaptic GABAergic terminals decreased markedly (by up to 84%) after exposure to the cannabinoid agonist (ϩ)-WIN55212, in a concentration-dependent (0.1-1 M) and stereoselective manner. Inhibition was maximal at 16 hr and abolished in the presence of SR141716A, a selective CB 1 receptor antagonist. Methanandamide (an analog of an endogenous cannabinoid, anandamide) also reduced cell surface labeling (by 43% at 1 M). Differential labeling of cell surface and intracellular pools of receptor demonstrated that the reduction in cell surface immunoreactivity reflects agonist-induced internalization and suggests that the internalized CB 1 receptors are translocated toward the soma. The internalization process did not require activated G-protein ␣(i) or ␣(o) subunits. A different pattern of cell surface CB 1 receptor expression was observed using an undifferentiated F-11 cell line, which had pronounced somatic labeling. In these cells substantial CB 1 receptor internalization was also observed after exposure to (ϩ)-WIN55212 (1 M) for relatively short periods (30 min) of agonist exposure. In summary, this dynamic modulation of CB 1 receptor expression may play an important role in the development of cannabinoid tolerance in the CNS. Agonist-induced internalization at presynaptic terminals has important implications for the modulatory effects of G-protein-coupled receptors on neurotransmitter release.
Agonist-induced internalization of G-protein-coupled receptors is an important mechanism for regulating receptor abundance and availability at the plasma membrane. In this study we have used immunolabeling techniques and confocal microscopy to investigate agonist-induced internalization and trafficking of CB 1 receptors in rat cultured hippocampal neurons. The levels of cell surface CB 1 receptor immunoreactivity associated with presynaptic GABAergic terminals decreased markedly (by up to 84%) after exposure to the cannabinoid agonist (ϩ)-WIN55212, in a concentration-dependent (0.1-1 M) and stereoselective manner. Inhibition was maximal at 16 hr and abolished in the presence of SR141716A, a selective CB 1 receptor antagonist. Methanandamide (an analog of an endogenous cannabinoid, anandamide) also reduced cell surface labeling (by 43% at 1 M). Differential labeling of cell surface and intracellular pools of receptor demonstrated that the reduction in cell surface immunoreactivity reflects agonist-induced internalization and suggests that the internalized CB 1 receptors are translocated toward the soma. The internalization process did not require activated G-protein ␣(i) or ␣(o) subunits. A different pattern of cell surface CB 1 receptor expression was observed using an undifferentiated F-11 cell line, which had pronounced somatic labeling. In these cells substantial CB 1 receptor internalization was also observed after exposure to (ϩ)-WIN55212 (1 M) for relatively short periods (30 min) of agonist exposure. In summary, this dynamic modulation of CB 1 receptor expression may play an important role in the development of cannabinoid tolerance in the CNS. Agonist-induced internalization at presynaptic terminals has important implications for the modulatory effects of G-protein-coupled receptors on neurotransmitter release.
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The effects of the major psychoactive constituent of cannabis, ⌬ 9 -tetrahydrocannabinol, are mediated by the CB 1 subtype of cannabinoid receptor (Devane et al., 1992 : Howlett, 1995 , which is widely distributed throughout the CNS. High levels of CB 1 receptor expression are found in the hippocampus, rivaling that of the classical neurotransmitters (Herkenham, 1992; Matsuda et al., 1993; Gatley et al., 1998; Tsou et al., 1998) . The hippocampus also contains the highest levels of a putative endogenous ligand, arachidonoyl ethanolamide (anandamide; Felder et al., 1996) . At the cellular level, CB 1 receptors are expressed on fine caliber axonal processes of cholecystokinin-containing neurons (Tsou et al., 1998; Katona et al., 1999) and are predominantly associated with GABAergic synaptic terminals (Katona et al., 1999; Hájos et al., 2000; Hoffman and Lupica, 2000; Irving et al., 2000) .
Recent evidence suggests that the CB 1 receptor, like many, but not all, G-protein-coupled, seven-transmembrane receptors, undergoes agonist-induced endocytosis (Garland et al., 1996; Roth et al., 1997; Zhang et al., 1997; Dumartin et al., 1998; RinaldiCarmona et al., 1998; Southwell et al., 1998; Doherty et al., 1999; Hsieh et al., 1999; Whistler et al., 1999) . This process affects receptor abundance and availability and consequently the ability of agonists to generate an effective response. Receptor internalization also plays an important role in the processes of resensitization after prolonged agonist exposure (Garland et al., 1996; Zhang et al., 1997) and influences coupling to intracellular signaling pathways (Roche et al., 1999) . Previous investigations of CB 1 receptor internalization have used transfected Chinese hamster ovary (CHO) or AtT20 cells (Rinaldi-Carmona et al., 1998; Hsieh et al., 1999) , preparations that readily allow the visualization of changes in cellular localization with regard to the plasma membrane and cytoplasm. However, these cell lines may lack components in their signaling systems that affect the efficiency of the endocytotic process compared with native cells (Koenig and Edwardson, 1996) . Thus, it is important both to demonstrate that these processes reflect events in native cells and to study the receptors at sites where they may exert a physiological role. However, in neurons it is more difficult to directly visualize receptor internalization, especially where the receptors are expressed on fine neurites or synaptic terminals.
In the present investigation laser-scanning confocal microscopy combined with the immunocytochemical labeling of a cell surface CB 1 receptor epitope (Irving et al., 2000) was used to study the localization and endocytosis of CB 1 receptors in cultured hippocampal neurons. Marked changes in the surface expression of CB 1 receptors after pre-exposure to cannabinoid agonists were observed. A new primary antibody prelabeling protocol demonstrated that this reflected agonist-induced internalization and suggest that the internalized receptors undergo retrograde trans-location from axons toward somatodendritic regions. This protocol was also used to compare the CB 1 receptor internalization process in a dorsal root ganglion (DRG) X mouse neuroblastoma hybrid cell line (F-11 cells), which are shown to naturally express CB 1 receptors on their somata. These data suggest that the dynamic modulation of CB 1 receptor expression could play an important role in the development of tolerance toward cannabinoids in the CNS.
MATERIALS AND METHODS

Materials.
Triton X-100, paraformaldehyde, dialyzed fetal bovine serum, H EPES, protease type X and type X IV, L-glutamine, poly-D-lysine, cytosine arabinof uranoside, penicillin, EDTA, benzamidine, leupeptin, streptomycin, and nonenzymatic dissociation medium were obtained from Sigma-Aldrich (Dorset, UK). Minimal essential medium (M EM), fetal bovine serum (HyC lone, L ogan, UT), and HAT (100 M hypoxanthine, 400 nM aminopterin, and 16 M thymidine) supplement were from Life Technologies (Paisley, UK) and ( R)-(ϩ)- [2,3-dihydro-5-methyl-3-[(4-morpholino) [2,3-dihydro-5-methyl-3-[(4-morpholino) methyl]pyrrolo-[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthyl) methanone} ((Ϫ)-WIN55212) and (R-(ϩ)-arachidonoyl-1Ј-hydroxy-2Ј-propylamide (methanandamide) were from Research Biochemicals International (Hertfordshire, UK). Tris buffer came from Boehringer Mannheim (Lewes, East Sussex, UK). N- (piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl) -4-methyl-1H-pyrazole-3-carboxamide hydrochloride (SR141716A) was gift from Sanofi Recherché (Montpellier, France). F-11 cells were purchased from Dr. Mark C. Fishman (Massachusetts General Hospital, Boston, MA). Stock solutions of cannabinoids and related compounds were made up in ethanol and kept at Ϫ20°C except for SR141716A stock solution, which was kept at 4°C.
Pol yclonal and monoclonal antibodies. Rabbit polyclonal antibody raised against the N terminus (1-77 amino acid residues) of the cloned rat CB 1 receptor was produced and characterized as described previously (Tsou et al., 1998; Katona et al., 1999) . CB 1 receptor (1-14 amino acid residues) polyclonal antiserum was supplied by C ayman Chemical (Ann Arbor, M I) and has also been extensively characterized McIntosh et al., 1998) . Both N-terminal CB 1 receptor antibodies produced identical patterns of labeling. Mouse monoclonal anti-glutamic acid decarboxylase (GAD) antibody (clone 65) came from Boehringer Mannheim. C y 3 -conjugated goat anti-rabbit and C y 5 -conjugated goat anti-mouse secondary antibodies were obtained from Jackson ImmunoResearch (West Grove, PA). The Alexa 488 goat anti-mouse and Alexa 488 goat anti-rabbit secondary antibodies were obtained from Molecular Probes, Europe BV (Leiden, The Netherlands). Biotinylated anti-rabbit serum and streptavidin HRP-conjugated secondary antibodies were obtained from the Scottish Antibody Production Unit. For confocal microscopy studies, CB 1 receptor antibodies were used at a final concentration of 1-10 g /ml. Other antibodies were used at final concentrations of 2-6 g /ml. In control experiments, immunostaining was blocked when either CB 1 receptor antibody (1-14 and 1-77) was incubated with f usion protein for the 1-77 CB 1 receptor epitope (100 g /ml) for 1 hr before treatment with antibody. For immunoblots, CB 1 receptor antibody (1-14) was used at a final concentration of 20 g /ml.
Cell culture. Cultures of rat hippocampal neurons were prepared from neonatal Sprague Dawley rats as described previously (Irving et al., 2000) . All efforts were made to minimize animal suffering and to keep the number of animals used to a minimum. Briefly, rat pups (1-to 3-d-old) were killed by cervical dislocation. The hippocampi were then removed, chopped, and treated with enzymes (protease types X and X IV, both at 0.5 mg /ml) for 40 -50 min. The washed tissue was dissociated by trituration, centrif uged, and plated onto coverslips or plastic culture dishes (35 mm) that had been pretreated with poly D-lysine (0.01 mg /ml). Cultures were then incubated in a medium consisting of 90% M EM, supplemented with 10% dialyzed fetal bovine serum and 2 mM L-glutamine and maintained in a humidified atmosphere of 5% C O 2 in air at 37°C. After 2-5 d cytosine arabinof uranoside (5 M) was added to inhibit glial cell proliferation. C ells were described as mature after 6 d in culture. F-11 cells (a mouse N18TG2 neuroblastoma X rat dorsal root ganglion sensory neuron hybrid cell line; Platika et al., 1985) were grown either as monolayers in 75 cm 2 flasks (stock) or on glass coverslips in 35 mm dishes (for experiments). The cell culture medium was Ham's F-12 containing 2 mM L-glutamine supplemented with 15% Hyclone fetal bovine serum, HAT supplement, 100 U/ml penicillin, and 100 g /ml streptomycin. C ells were kept under 5% C O 2 in air at 37°C and passaged twice per week using nonenzymatic cell dissociation solution. Passage numbers P1-P10 of undifferentiated cells were used for experiments.
Fluorescence procedures for laser-scanning confocal microscopy. Internalization of CB1 receptors was studied using two methods: (1) loss of cell surface immunoreactivity, with labeling performed after agonist pretreatment. C ells were incubated with cannabinoids and related compounds at 37°C in culture medium for varying periods of time. C ells were then transferred into H EPES-buffered saline (HBS), comprising (in mM): NaC l 130, D-glucose 25, H EPES 10, KC l 5.4, C aC l 2 1.8, and MgC l 2 1, pH 7.4, at room temperature and incubated for 40 -60 min with CB 1 receptor antibody. To minimize antibody capping, cells were fixed with either 4% paraformaldehyde for 10 min at room temperature or methanol for 5 min at Ϫ20°C before treatment with secondary antibody. C ell surface CB 1 receptor immunoreactivity was fluorescently labeled using a Cy 3 -conjugated goat anti-rabbit secondary antibody (40 min incubation). Because CB 1 receptors are expressed at the majority of GABAergic terminals (ϳ80%; Irving et al., 2000) , CB 1 receptor immunoreactivity was also compared with GAD labeling. C ells were permeabilized with 0.1% Triton X-100 (5 min) and then incubated with a mouse monoclonal antibody against GAD (60 min) followed by an Alexa 488-conjugated goat anti-mouse secondary antibody (40 min). In control experiments with nonpermeabilized cells, no detectable trapping of the mouse primary or secondary antibodies by CB 1 receptor immunolabeling was observed. Where necessary, with fixed and permeabilized cells, nonspecific antibody binding was blocked by incubation with goat serum or 10% fat-free milk protein. Internalization of CB 1 receptors was also studied using: (2) effects on the cellular distribution of CB 1 receptors, with cell surface receptors prelabeled with primary antibody before agonist exposure. After treatment with cannabinoids, exposure of living cells to a Cy 3 -conjugated anti-rabbit secondary antibody allowed the identification of primary antibody-labeled receptors that remained on the neuronal cell surface. After fixation and permeabilization of these cells, treatment with Alexa 488-conjugated anti-rabbit secondary antibody identified those receptors that had undergone internalization. Minimal trapping of Alexa 488-conjugated secondary antibody by cell surface CB 1 receptor antibody/C y 3 -conjugated secondary antibody was observed. Moreover, sites that expressed Alexa 488 labeling alone must reflect internalization of primary antibody-conjugated CB 1 receptors. Although some antibodyinduced clustering of cell surface receptors was observed with this protocol, the overall pattern of labeling was not affected.
Image acquisition and processing. A laser-scanning confocal imaging system, [MRC 1024, Bio-Rad (Hercules, CA) or MicroRadiance] and Olympus Optical (Tokyo, Japan) BX50W I microscope (60ϫ objective) were used for image acquisition and processing. C y 3 was excited with a dedicated 543 nm line, and emitted light passed through an E570L P filter, whereas Alexa 488 was excited with a 488 nm line, and emitted light passed through an HQ515/30 filter. Images were obtained by Kalman averaging of seven individual scans, and in multiple-labeling experiments images were obtained sequentially and merged off-line. Lasersharp image-processing software (Bio-Rad) was used to determine labeling intensity. For quantification of immunolabeling the mean fiber fluorescence intensity level was measured. For each image, mean background intensity levels from three randomly selected regions were measured, and the average background intensity was determined. All pixels with intensity levels above this background were defined as specific labeling. Labeling intensity was determined from a minimum of nine randomly selected fibers, from three experiments, that exhibited both CB 1 receptor and GAD immunostaining. In experiments where exposure to (ϩ)-W I N55212 resulted in no detectable CB 1 receptor staining, GAD immunoreactivity alone was used as a basis for the selection of fibers for analysis. N values refer to the number of fibers analyzed. In each experiment, the corrected mean fiber fluorescence intensity level determined after drug pretreatment was compared with that measured after pretreatment either with (Ϫ)-W I N55212, the inactive isomer of (ϩ)-W I N55212, or vehicle alone. Pretreatment of neurons with (Ϫ)-W I N55212 had no significant effect by itself (see Results). To allow for the comparison of different experiments, data were normalized relative to the mean fiber fluorescence intensity level observed with (Ϫ)-W I N55212 or vehicle.
Quantification of internalized CB 1 receptors in F-11 cells. The proportion of CB 1 receptor fluorescence on the surface and within F-11 cells was quantified with N IH Image software using a modification of a method previously described (Southwell et al., 1998) . Kalman-averaged confocal images (seven scans; single Z-plane) of cells were obtained from at least three different experiments. In each experiment, the mean background intensity of fluorescence for each secondary antibody was determined from two cell-free areas in each image. A line was drawn round the outer surface of the cell membrane, and the total cell fluorescence (mean intensity per unit area ϫ area) was determined for each secondary antibody and corrected for background labeling. A second concentric line was drawn along the intracellular side of the membrane, and the intracellular fluorescence was determined. A value for surface labeling alone was calculated as the difference between the total cell fluorescence and the intracellular fluorescence for each secondary antibody.
Immunoblots. Mature hippocampal cells were exposed to (ϩ)WIN55212 (1 M) or vehicle at 37°C for 16 hr. After incubation, cells were washed with cold glucose-free HBS and harvested with 2 ml of ice-cold homogenization buffer (1 mM EDTA, 5 mM Tris-HCl, pH 7.4, 0.25 M sucrose, 100 M PMSF, 100 M benzamidin, and 10 M leupeptin). Cells were homogenized with an ice-cold hand-held Teflon-on-glass homogenizer (60 strokes), and the homogenate was centrifuged at 100,000 ϫ g for 20 min at 4°C. The membrane pellet was resuspended in homogenization buffer, and the protein concentration was measured. Equivalent amounts of protein were incubated with 2% SDS supplemented with loading buffer (60% glycerol, 12.5% ␤-mercaptoethanol, and 1% bromophenyl blue) and boiled for 10 min to denature proteins and nucleic acids. Boiled samples were separated by SDS-PAGE (10% w/v acrylamide). Protein (40 g) from the membrane fraction was electrophoresed and transferred to nitrocellulose membrane overnight, then CB 1 receptor protein was identified on immunoblots that were blocked with 5% nonfat dried milk in PBS plus 0.1% Tween 80, and reacted with rabbit anti-CB 1 receptor antibody (20 g/ml in PBS plus 0.1% Tween 20) for 4 hr. Blots were then incubated with biotinylated anti-rabbit serum and streptavidin HRP-conjugated secondary antibodies (1:7000 in PBS plus 0.1% T ween 80, 1 hr in each). Color visualization of antisera-specific bands was performed by incubating the immunoblots in o-dianisidine (0.25 mg /ml) and 30% H 2 O 2 solution (0.25 l /ml) in PBS.
Data anal ysis. Values are expressed as means and variability as SEM. Comparisons between pairs of treatments were determined using an unpaired Student's t test. Multiple treatments were compared by ANOVA with one-way ANOVA followed by Newman -Keuls analysis (GraphPad Prism). p values Ͻ 0.05 were considered to be significant.
RESULTS
Visualization of cell surface CB 1 receptor immunoreactivity CB 1 receptor immunoreactivity was detected on the surface of living hippocampal neurons with the N-terminal polyclonal antibody. Punctate CB 1 receptor labeling was observed on fine axons and axonal growth cones, but was absent from somata, as described previously (Irving et al. 2000) (Fig. 1 A,B) . However, when the cultures were fixed and permeabilized before labeling with primary antibody, a small proportion of neurons (10 -20%) displayed considerable CB 1 receptor immunoreactivity associated with putative intracellular sites, including the soma (Fig. 1C,D) . This pattern of labeling presumably reflects newly synthesized or recycled CB 1 receptors (McIntosh et al., 1998; Katona et al., 1999) . As with our previous investigation, there was a marked correspondence between CB 1 receptor (cell surface) and GAD immunolabeling (Fig. 1 E; Irving et al., 2000) . Detailed anatomical and functional studies have shown that this distribution reflects presynaptic CB 1 receptor clusters expressed on GABAergic terminals (Katona et al., 1999; Hájos et al., 2000; Hoffman and Lupica, 2000; Irving et al., 2000) .
Agonist-induced loss of cell surface labeling
The effects of cannabinoid pretreatment on cell surface CB 1 receptor immunoreactivity was investigated. (ϩ)-WIN55212 is a potent synthetic cannabinoid receptor agonist, whereas its enantiomer, (Ϫ)-WIN55212 is inactive at CB 1 receptors (Coutts and Pertwee, 1997; Pertwee, 1997) . Mature hippocampal cells (6 -18 d in culture) were kept for 16 hr in culture medium at 37°C containing either (ϩ)-WIN55212, (Ϫ)-WIN55212, the CB 1 receptorselective antagonist, SR141716A, or (ϩ)-WIN55212 in the presence of SR141716A, before the level of surface CB 1 receptor immunoreactivity was measured. In these experiments, cells were colabeled with an antibody raised against GAD (Irving et al., 2000) to determine whether the cannabinoid pretreatment was Immunofluorescence images A and C are z projections of a series of confocal sections taken at 1-2 m intervals. E shows merged, single plane confocal images from a dual-labeling experiment investigating the relationship between cell surface CB 1 receptor clusters and inhibitory terminals, labeled with a monoclonal GAD antibody after permeabilization. Red corresponds to CB 1 receptor label (C y 3 ), green to GAD label (Alexa 488), and yellow to regions of overlap. Note the marked correspondence between CB 1 receptor label and clusters of GAD immunoreactivity. Scale bars, 20 m. selective for CB 1 receptor immunostaining. In control experiments (data not shown), there was no significant effect of (Ϫ)-WIN55212 (1 M) on the intensity of cell surface CB 1 receptor labeling relative to vehicle controls ( p Ͼ 0.05; n ϭ 24 fibers). However, labeling was markedly reduced (by 84 Ϯ 2% %) after incubation with (ϩ)-WIN55212 (1 M) compared with (Ϫ)-WIN55212 (1 M). This effect was prevented by coincubation of the cells with the antagonist SR141716A (1 M), which had no significant effect by itself. GAD immunostaining was not affected by pretreatment with cannabinoids. Images from these experiments and quantitative data, where the concentration of cannabinoids and related compounds was 1 M, are summarized in Figure 2 . Similar observations were made with (ϩ)-WIN55212 at 100 nM, however the reduction in cell surface labeling was less (Fig. 3A) .
To test for potential inverse agonist actions of SR141716A (Bouaboula et al., 1997; Rinaldi-Carmona et al., 1998) , a range of doses were tested (1-1000 nM), however no significant effects were observed (Fig. 3B) . The action of methanandamide, a hydrolysisresistant analog of the putative endogenous CB 1 receptor ligand, anandamide, on labeling intensity was also determined. Pretreatment of cells for 16 hr at 37°C with methanandamide (1 M) reduced labeling by 43 Ϯ 5% relative to vehicle control ( p Ͻ 0.01; data not shown).
Effects of agonist incubation time on CB 1 receptor labeling
To determine the rate at which surface CB 1 receptors internalized, hippocampal neurons were exposed to (ϩ)-WIN55212 (1 M) at 37°C for different incubation periods. The results of these experiments are summarized in Figure 3C , in which the intensity of immunostaining is compared with that of vehicle control. After a 1 hr incubation with (ϩ)-WIN55212, the labeling intensity was significantly reduced, reaching a maximum of 84 Ϯ 2% at 16 hr. A further increase in the incubation time to 72 hr resulted in no additional loss of immunoreactivity ( p Ͼ 0.05; data not shown).
Effect of pertussis toxin on CB 1 receptor labeling
Many of the receptor-mediated actions of cannabinoids (activation of mitogen-activated protein kinase, inhibition of adenylate cyclase, and ion channel modulation) are mediated by pertussis toxin (PTX)-sensitive G-proteins (Pertwee, 1997) . To determine whether the agonist-induced loss of surface CB 1 receptor immunoreactivity observed in our studies was also sensitive to PTX, cells were incubated overnight with PTX (100 ng/ml) before pretreatment with either (ϩ)-WIN55212 (1 M) or vehicle. Under these conditions the inhibition of CB 1 receptor immunofluorescence caused by treatment with (ϩ)-WIN55212 was not blocked (Fig. 3D) . In parallel experiments using the same pretreatment schedule as for hippocampal cells, pertussis toxin com- pletely blocked the inhibition by the cannabinoid agonist CP55940 of forskolin-stimulated cAMP in CHO cells transfected with CB 2 receptors (data not shown).
Actions of (؉)-WIN55212 on immature hippocampal neurons
The ability of prolonged exposure to (ϩ)-WIN55212 to inhibit cell surface CB 1 receptor labeling in immature cells, at an age corresponding with the onset of synapse formation (Fletcher et al., 1991) , was also investigated. Cells that had been cultured in the presence of (ϩ)-WIN55212 for 3 d from seeding (1 M) showed a significant reduction in CB 1 receptor labeling (73 Ϯ 5%) compared with untreated cells ( p Ͻ 0.01) or vehicle-treated cells (95 Ϯ 7%) (Fig. 4 A) . A direct comparison of the surface CB 1 receptor labeling between immature cells (2 d in culture) and mature cells (9 -11 d in culture) also demonstrated a significant increase in expression with time in culture ( p Ͻ 0.0001; Fig. 4 B) . This increased labeling reflected both an increase in the number of puncta and an increase in the mean intensity of fluorescence at each punctum, suggesting that both the number of synapses and the number of CB 1 receptors per cluster increase as the cultures mature.
Visualization and translocation of internalized receptors
The visualization of subtle differences in the cellular localization of CB 1 receptors at the presynaptic terminal is not practical at the light microscopy level. In addition, permeabilization of hippocampal neurons before labeling for CB 1 receptor immunoreactivity reveals intracellular receptors in the absence of agonist pretreatment that would obscure changes induced during receptor endocytosis. Thus, we devised a protocol to directly visualize internalized receptors involving prelabeling with primary antibody alone before agonist treatment. Cell surface and internalized receptors were then labeled with separate secondary antibodies (Cy 3 or Alexa 488 conjugates) at the end of the experiment. The data obtained with hippocampal neurons were compared with similar studies using undifferentiated F-11 cells, which exhibited CB 1 receptor labeling on their somatic membrane in a manner similar to that of transfected cells. After labeling with primary antibody, cells were incubated with either (ϩ)-WIN55212, (-)-WIN55212, SR141716A, a combination of (ϩ)-WIN55212 and SR141716A, or vehicle alone for 16 hr (hippocampal neurons) or 30 min (F-11 cells). Cannabinoids and related compounds were applied at a concentration of 1 M. The CB 1 receptor immunoreactivity that remained on the cell surface was then visualized with the Cy 3 -conjugated secondary antibody. After fixation and permeabilization, the Alexa 488-conjugated secondary antibody identified CB 1 receptor-primary antibody labeling that had un- dergone endocytosis during incubation with cannabinoids or vehicle. The levels of surface labeling in both hippocampal and F-11 cells were markedly reduced after pretreatment with (ϩ)-WIN55212, and this effect was accompanied by the appearance of internalized receptors (Figs. 5, 6 ). In a subpopulation of hippocampal neurons, internalized receptor labeling was detected in bright vesicles within the cytosol of somatodendritic regions (Fig.  5E,H ) . In addition, internalized clusters of CB 1 receptor label were present within putative axons (data not shown). These findings suggest that the CB 1 receptors undergo retrograde translocation along axons toward somatodendritic areas. In contrast, in vehicle-pretreated hippocampal cells there was no direct correspondence between CB 1 receptor labeling and MAP-2, although cell surface CB 1 receptor-positive fibers were intertwined with, and often ran along, MAP-2-positive dendrites (Fig. 5G ). This pattern of labeling is consistent with the axonal localization of CB 1 receptors reported previously (Irving et al., 2000) . In F-11 cells, internalized CB 1 receptor labeling was also detected as discrete puncta within perinuclear regions of the cytosol (Fig. 6) . The pattern of labeling observed in the F-11 cells allowed for the quantitative analysis of the cannabinoid effects, where the relative intensity of cell surface and intracellular immunolabeling could be compared at individual somata (Table 1) . Little internalized receptor labeling was detected in vehicle-treated hippocampal and F-11 cells, suggesting that, in the absence of agonist, receptor turnover rates are relatively slow.
Immunoblots
Further evidence in support of agonist induced-internalization of CB 1 receptors in hippocampal neurons was obtained using immunoblots. CB 1 receptor protein was identified in cells pretreated with either (ϩ)-WIN55212 (1 M) or vehicle for 16 hr (Fig. 7) . In both treatments the antibody directed against the CB 1 receptor epitope recognized a specific band of 61 kDa. This molecular weight is similar to the expected molecular weight of the CB 1 receptor (Song and Howlett, 1995; McIntosh et al., 1998) . Using densitometry measurements, no significant difference was observed between blots from the two treatments, suggesting that total receptor protein levels are similar ( p Ͼ 0.05; n ϭ 3) (Fig 7b) . 
DISCUSSION
In this paper, we have demonstrated using immunohistochemistry and laser-scanning confocal microscopy the internalization and trafficking of CB 1 receptors in hippocampal neurons.
Agonist-induced internalization
In both immature and mature cells, the level of cell surface CB 1 receptor immunoreactivity decreased significantly after the pharmacological activation of CB 1 receptors. The prelabeling protocol, together with data from immunoblot experiments suggests that this effect primarily reflects CB 1 receptor internalization. This supports observations made in transfected cells where the endocytosis of CB 1 receptors occurs without a concomitant decrease in receptor number as measured by radioligand binding (Rinaldi-Carmona et al., 1998) . However, with longer periods of agonist exposure (up to 2 weeks) variable reductions in CB 1 receptor B max in brain have been observed (Matsuda, 1997) .
Agonist-induced endocytosis has been described for CB 1 receptors in transfected cells (Rinaldi-Carmona et al., 1998; Hsieh et al., 1999; Roche et al., 1999) , but only now in neurons where receptors are targeted to sites linked to their physiological role. Methanandamide, a more metabolically stable analog of anandamide, was also effective in reducing CB 1 -selective surface immunolabeling, consistent with findings using transfected cells (Hsieh et al., 1999) . The Cy 3 -conjugated secondary antibody labeled receptors remained on the cell surface after cannabinoid incubation, whereas the Alexa 488-conjugated secondary antibody-labeled receptors were internalized. Values are mean (ϮSEM) fluorescence intensity levels measured from defined intracellular and plasma membrane regions and normalized relative to vehicle controls. The number of cells are given in parentheses and were taken from four independent experiments. Cannabinoids and related compounds were applied at 1 M. Multiple comparisons between groups within each column was made with ANOVA with Dunnett's post hoc test comparing results with those for vehicle alone. *p Ͻ 0.05; **p Ͻ 0.01. A surprising observation in the present study was the relatively long time course required for the internalization process in the hippocampal neurons to reach its maximal effect. The rate of internalization described for many receptors, including CB 1 receptors expressed on F-11 cells in this study, is of the order of 10 -30 min to achieve maximal levels, whereas this was between 5 and 16 hr for CB 1 receptors expressed on hippocampal neurons. Previous studies with muscarinic receptors also indicate that rates of internalization can vary between different cell types (Koenig and Edwardson, 1996) . These observations might reflect differences in the internalization machinery expressed between cell populations and/or within particular neuronal compartments.
Although many of the physiological actions of cannabinoids are mediated by pertussis toxin-sensitive G-proteins, under the present experimental conditions pertussis toxin did not block CB 1 receptor internalization. These findings are consistent with studies using CB 1 receptor-transfected cells (Hsieh et al., 1999) and for IL-8 or somatostatin receptors (Feniger-Barish et al., 2000; Hipkin et al., 2000) .
CB 1 receptor trafficking
In mature cultured hippocampal neurons, which are highly differentiated compared with the F-11 cells, cell surface CB 1 receptor immunolabeling is present in high levels on GABAergic synaptic terminals (Irving et al., 2000) . The changes in surface levels of CB 1 receptor labeling and the concurrent appearance of vesicles of internalized receptor/primary antibody complex within the perikarya of hippocampal neurons and perinuclear region of F-11 cells suggests that (ϩ)-WIN55212 causes CB 1 receptors to translocate centripetally toward these areas. Although it is possible that the linkage of primary antibody to the CB 1 receptor could alter the trafficking of CB 1 receptor protein within the cell, other studies suggest that the translocation of internalized receptors toward somatic or perinuclear endosomes is a common feature of many neuronal G-protein-coupled receptors (Faure et al., 1995; Bernard et al., 1998; Dumartin et al., 1998) . Moreover, the presence of primary antibody did not appear to affect the internalization process itself, because the agonist-induced loss of cell surface receptors measured with the two labeling protocols was similar.
Antagonist, but not inverse agonist actions of SR141716A SR141716A has been described as both a competitive antagonist and an inverse agonist at CB 1 receptors (Bouaboula et al., 1997; Coutts and Pertwee, 1997; Coutts et al., 2000) . In CB 1 receptortransfected CHO cells, treatment with SR141716A results in an increased expression of CB 1 receptors, which is ascribed to its inverse agonist properties (Bouaboula et al., 1997; RinaldiCarmona et al., 1998) . However, in our studies, the intensity of CB 1 receptor staining was not significantly affected by preincubation with SR141716A over a wide range of concentrations. One explanation for this discrepancy is that the level of immunolabeling in our cells may be sufficiently high that a marginal increase in receptor expression may not be detectable using the current techniques. A more likely explanation is that there are a greater number of constitutively active, precoupled receptors in the transfected cells, hence the potential for inverse agonism. The majority of studies of inverse agonism use systems that have been manipulated to increase constitutive receptor activity, which is much less pronounced in naturally expressing cells (MacEwan and Milligan, 1996; Stevens and Milligan, 1998) . However, SR141716A can exert inverse agonist properties in some native cells, including neurons of the rat pelvic ganglion (Pan et al., 1998) .
CB 1 receptor expression on F-11 cells
The presence of CB 1 receptor expression on the surface of F-11 cells is a new, but not surprising observation because CB 1 receptors are present on both parental cell lines (Howlett et al., 1991; Hohmann and Herkenham, 1999; Ross et al., 2001) , and these cells display many of the characteristics of the parent cells (Francel et al., 1987; McIntosh et al., 1998) . Recent studies also indicate the presence of cell surface CB 1 receptors on the soma of cultured DRG neurons (Ross et al., 2001) . The expression of CB 1 receptors or CB 1 receptor mRNA in F-11 and DRG cells (Hohmann and Herkenham, 1999; Ross et al., 2001 ) is of particular interest with regard to the physiology and pathology of pain pathways, in which DRG cells are the means of primary sensory afferent transmission from the periphery to the dorsal horn of the spinal cord. Thus, F-11 cells provide a useful in vitro substrate in which to study CB 1 receptor mechanisms in which the pattern of labeling is similar to that of the parental cells.
Conclusion
We have shown, for the first time, agonist-induced internalization of cannabinoid CB 1 receptors in hippocampal neurons and F-11 cells. This process may be characteristic of nonclassical, intercellular transmitters that act presynaptically as neuromodulators. In addition, the dynamic modulation of CB 1 receptor expression by cannabinoids could also influence the patterns of tolerance that develops toward this class of compounds in the CNS.
